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Abstract 
Florida largemouth bass, Micropeterus salmoides floridanus (Lesueur 1822), 
have been introduced throughout the United States in an effort to improve trophy bass 
fishing appeal by increasing fish size and number. However, there are conflicting results 
as to whether pure Florida largemouth bass and first generation Florida-northern bass 
hybrids (F1) actually grow larger and faster than native largemouth bass Micropterus 
salmoides salmoides, hereafter northern largemouth bass. The Oklahoma Department of 
Wildlife Conservation (ODWC) has stocked mainly Florida largemouth bass in 
Oklahoma lakes for over 30 years. The 3400 Heating Degree Day (HDD) isocline has 
served as the main criterion for determining which lakes should be stocked with Florida 
largemouth bass with stocking occurring primarily in warmer lakes to the south and 
southeast of the 3400 isocline. Using an eight-year data set of microsatellite-based 
genotypic verification in largemouth bass collected from lakes around Oklahoma, as 
well as six environmental characteristics of lakes and stocking parameters, I assessed: 
1) ) if stocking effort and general lake characteristics can explain the success of the 
Florida largemouth bass stocking program as measured by the frequency of Florida 
alleles in Oklahoma lakes; and 2) whether the lakes that are producing the largest trophy 
bass in Oklahoma have higher frequencies of Florida alleles compared to non-trophy 
bass lakes. Stocking effort was quantified using the currently (since 2013) employed 
ODWC tier system with tier one lakes having the highest stocking effort, as they are 
stocked the most frequently and receive the highest number of Florida largemouth bass 
fingerlings. Quantity and frequency of Florida largemouth bass stocking decreases in 
tiers two (fewer fingerlings at lower frequencies) and three (fry at very low 
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frequencies). I also examined total number of Florida largemouth bass stocked in each 
lake since 2009 in order to capture longer term impacts that may not be apparent since 
the 2013 tier program began. Differences in the effect of stocking effort were observed 
in hybrid cross bass (FX) and total bass with at least one out of the three measured 
Florida largemouth bass alleles (TBFA).  There was little variation observed for FLMB 
and F1 genotypes. Ninety percent of fish sampled had at least one Florida allele 
indicating that Florida alleles are remaining in bass populations in Florida largemouth 
bass stocked lakes. Regularized linear models identified that total number of stocked 
Florida largemouth bass had a positive effect on predicting the highest frequencies of 
FLMB, F1, FX, and TBFA. No differences were detected on genotype or TBFA 
between trophy and non-trophy lakes. Because nearly every fish examined since 2009 
had at least one Florida allele, and the total number of fish stocked since 2009 explained 
the most success in the bass stocking program, the ODWC could probably begin 
focusing effort toward other lakes (e.g., tiers two and three). However, there remains 
substantial uncertainty in the roles of lake characteristics, and the potential influences of 
natural and fishing-induced mortality, as well as the ecological ramifications of stocking 
Florida largemouth bass on the overall ecology and food-web stability of stocked lakes, 
particularly due to the uncertainties introduced by the ever changing climate conditions. 
1 
Introduction 
 Beginning in the mid-1800s, salmonid and centrarchid fishes were stocked into 
lakes and streams by Euro-American settlers in attempts to create fisheries for 
recreation and sustenance (Nielson 1999, Knapp et al. 2001). While the turn of the 19
th
 
century saw an increase in natural area conservation (namely national parks and 
wilderness areas), management practices of aquatic habitats within these protected areas 
were often inconsistent with the goal of maintaining natural processes (Knapp et al. 
2001). Little thought was given to the biological or ecological implications of stocking 
until the 1960s when negative impacts on native species were attributed to introduced 
fishes (Nielson 1999, Pister 2001). While the necessity of stocking has been debated, 
stocking of fishes (such as trout and largemouth bass) has continued to present day with 
the sole goal of creating recreational fishing opportunities (Pister 2001).  
 Largemouth bass (Micropterus salmoides) (Lacepède 1802) stocking has been 
utilized by fisheries managers mainly to introduce a biological control on other species 
(Meronek et al. 1996), increase largemouth bass population size through supplemental 
stocking (Boxrucker 1986, Hoxmeier and Whal 2002), or to enhance the sports fishery 
(Heidinger 1999). To accomplish the latter goal, managers have stocked the Florida 
largemouth bass (Micropterus salmoides floridanus) subspecies into lakes and 
reservoirs that previously only contained the northern largemouth bass (Micropterus 
salmoides salmoides) subspecies (Bailey & Hubbs 1949). The American Fisheries 
Society Committee on Names of Fishes (Page et al. 2013) recognizes these two 
subspecies of largemouth bass and therefore, subspecies nomenclature was utilized in 
this study. 
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In the United States of America, stocking of Florida largemouth bass has 
primarily been done by southern states (including Texas, Oklahoma, and Arkansas) to 
increase the size and number of trophy bass (bass over a certain weight determined by 
each state) in lakes. Fisheries managers in these states stock the Florida largemouth bass  
with the reasoning that 1) Florida largemouth bass have a greater growth potential 
(Maceina et al. 1988,  Forshage et al. 1995, Gilliland & Whitaker 1989, Horton and 
Gilliland 1993, Hughes & Wood 1995, Barthel et al. 2015), 2) first generation hybrids 
between Florida and northern bass (F1) achieve greater weights and lengths than the 
northern subspecies (Kleinsasser et al. 1990), and 3) to increase the revenue that is 
associated with trophy bass lakes (Chen et al. 2003). As a result, the largemouth bass is 
now one of the most sought after and highly managed sport-fish species in the United 
States (Lamothe et al. 2016). 
There has been considerable debate concerning whether Florida largemouth bass 
or the northern largemouth bass has higher growth potential. In studies with controlled 
pond conditions, varying performance characteristics were found between the different 
subspecies and F1 hybrids. Philipp et al. (1991) found that Florida largemouth bass 
have significantly lower over winter survival in Illinois when compared to northern 
largemouth bass, F1 hybrids displayed survival intermediate between northern 
largemouth bass and Florida largemouth bass, and northern largemouth bass were found 
to grow significantly heavier than Florida largemouth bass and F1 hybrids in the second 
and third year after being stocked.  However, the findings of Isely et al. (1987) showed 
that Florida largemouth bass spawned earlier and grew larger than northern largemouth 
bass in the first year of life in Illinois. Kleinsasser et al. (1990) reported that F1 hybrids 
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grew significantly heavier in Texas ponds than either Florida largemouth bass or 
northern largemouth bass during the second year of life. However, the extrapolation to 
lakes and reservoirs of results from ponds, which generally have greater temperature 
fluctuations due to their shallowness and small surface areas, has been questioned 
(Maceina & Murphy 1992). In addition, Zolczynski and Davies (1976) and Williamson 
and Carmichael (1990) both argue that northern largemouth bass might be better suited 
to an aquaculture environment, as northern largemouth bass were found to feed longer 
and have higher food conversion rates (food weight/fish weight gained) compared to 
Florida largemouth bass. 
 Conflicting results were also found when growth of Florida largemouth bass 
and northern largemouth bass were studied in natural conditions. In Oklahoma in a 
comparison of reservoirs originally containing Florida largemouth bass and northern 
largemouth bass, Florida largemouth bass were found to have greater mass and length 
than northern largemouth bass (Gilliland 1992). Maceina et al. (1988) found that female 
Florida largemouth bass at age three were larger than northern largemouth bass in a 
Texas reservoir. However, no differences were found between the two subspecies or 
their hybrids by Allen et al. (2009) in a survey of Arkansas reservoirs. These studies 
provide evidence that growth is variable between different lakes where differences in 
food supply, lake productivity, and length of growing season can influence fish growth. 
Moreover, factors such as discrepancies between definitions of what constitutes a 
“trophy bass”, make evaluating how long it takes for a fish to grow to trophy size 
difficult (Beamesderfer & North 1995, Myers & Allen 2005). In Oklahoma, a trophy 
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bass is defined as any largemouth bass over 2.7 kg (Oklahoma Department of Wildlife 
Conservation 2016). 
 Included in its native range, the northern subspecies was the only largemouth 
bass present in Oklahoma prior to Florida largemouth bass stocking. Starting in 1973, 
the Oklahoma Department of Wildlife Conservation (ODWC) developed a Florida 
Largemouth Bass Program with the goal of stocking Florida largemouth bass into 
Oklahoma reservoirs to improve the trophy bass fishery (Gilliland 1992, Horton and 
Gilliland 1993). Stocked fish are reared in the Durant Hatchery until they are at a 
suitable size to stock as either fingerlings (3.8 cm) or fry (1.9 cm). The ODWC stocking 
regime and number of stocked lakes have changed over time with variation in the 
number of bass stocked in each lake as well as changes in which lakes are stocked. 
Until 2013, the primary stocking regime had been stocking fish based on the size of the 
reservoir with lakes stocked either during even or odd numbered years at 41 fish per 
hectare. The ODWC would use a point-based system to rank lakes and prioritize those 
that were deemed to be the best potential trophy bass lakes. However, it was determined 
later that stocking based on lake size was impractical since a hectare of surface water 
did not necessarily equate to a hectare of quality bass habitat (Cliff Sager, ODWC, pers. 
communication). Starting in 2013, the stocking regime changed to a stocking program 
with 49 lakes divided into three tiers (based on the OWDC perceived trophy bass 
potential) with each tier receiving different numbers and sizes of Florida largemouth 
bass (Table 1). Tier one lakes are annually stocked with 100,000 fingerlings. Tier two 
lakes are stocked with leftover fingerlings not stocked in tier one lakes as available from 
the hatchery. Once stocked, second tier lakes rotate to the bottom of the stocking list 
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and will generally not be stocked again until all other second tier lakes have been 
stocked. Tier three lakes are stocked with fry (as they are available from the hatchery) 
and similar to the tier two lakes, these lakes are on a rotating stocking schedule (Cliff 
Sager, ODWC, pers. communication). 
 The primary ODWC stocking criterion for Florida bass has not changed since 
the 1990s and is based on the 3400 cumulative heating degree day (HDD) isocline 
recommended by Gilliland (1992) (Fig. 1). Cumulative HDD, a measurement that 
quantifies the energy demand for home heating, is calculated as the annual sum of the 
number of degrees that the average daily air temperature is less than 18.3°C. Gilliland 
(1992) used the HDD index as a means of exploring the possibility that general climate 
might affect the success of Florida largemouth bass stocking, but did not find a 
statistically significant relationship between Florida largemouth bass survival and HDD. 
However, lakes in the southeastern part of Oklahoma displayed substantially higher 
Florida largemouth bass mean survival compared with northwestern lakes. Therefore, 
he recommended that the ODWC use a northern boundary equal to the 3400 HDD 
isocline until further research could be done.  
Interested in increasing the number of Florida largemouth bass and Florida 
alleles since fish with Florida alleles are thought to grow larger than northern 
largemouth bass, the ODWC has been sampling bass populations in stocked lakes to 
monitor the proportions of Florida largemouth bass in these populations to assist in 
future stocking decisions. However, the morphological differences between Florida 
largemouth bass and northern largemouth bass are minute. Thus identifying the fish 
based solely on these morphological differences is difficult. For example, the Florida 
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largemouth bass has 69-73 scales along its lateral line while the northern largemouth 
bass has 59-65, with hybrids displaying a scale count in the intermediate range (Phillip 
et al. 1983). As a result, there has been considerable work to identify the genotype of a 
bass using genetic markers. Two allozyme loci that are fixed for different alleles 
between subspecies were historically used to make genetic distinctions between Florida 
largemouth bass and northern largemouth bass. However, due to the frequency of 
incorrect identification of fish genotype using these allozymes (Maceina et al. 1988), a 
protocol using microsatellite markers was designed by Lutz-Carrillo et al. (2008) to 
allow for improved reliability of genotypic categorization. Since 2009, the Plankton 
Ecology and Limnology Laboratory (PELL) at the University of Oklahoma has been 
cooperating with the ODWC to determine the genotype of largemouth bass sampled 
from lakes stocked with Florida largemouth bass using three of the Lutz-Carrillo et al. 
(2008) microsatellites. Using an eight-year data set of microsatellite-based genotypic 
verification in largemouth bass collected from lakes around Oklahoma, as well as six 
environmental characteristics of lakes and stocking parameters, I assessed: 1) if 
stocking effort and general lake characteristics can explain the success of the Florida 
largemouth bass stocking program as measured by the frequency of Florida alleles in 
Oklahoma lakes; and 2) whether the lakes that are producing the largest trophy bass in 







Fish Collection by ODWC 
 Adult and juvenile largemouth bass were collected annually between 2009 and 
2016 by the ODWC from 41 of the lakes within the Florida Largemouth Bass Program. 
Each lake was sampled every five years and approximately 40 fish were collected by 
electrofishing. Small fin clips of at least 3x1 mm in size were taken from each fish and 
preserved in 95% ethanol before being delivered to the PELL. Information on fish 
length, weight, sex, gender, etc. was not provided with the samples upon delivery. 
 
Fish Genotype using Microsatellite Size Analysis  
Samples were stored in the dark at room temperature and inspected for proper 
preservation and quality condition before being processed. DNA extraction followed the 
protocol outlined by Lutz-Carrillo et al. (2008). Fin clips were lysed using a 2X lysis 
buffer, proteinase K (Life Technologies), and a 55 °C hot water bath. Following sample 
lysis, DNA was salted out and isolated by ethanol precipitation, dried, and reconstituted 
in ultrapure water. Purified DNA was then amplified by Polymerase Chain Reaction 
(PCR) using three sets of diagnostic microsatellite primers developed for genotyping 
largemouth bass by Lutz-Carrillo et al. (2008). All PCRs were performed with 25 µL 
volumes on an iCycler Thermal Cycler (BioRad iQ 5 RTPCR QPCR). Reactions 
consisted of 2 µL of DNA template, 12.5 µL of iQ SuperMix (containing dNTPs, 6 mM 
MgCl2, and 50 U/mL hot start iTaq DNA polymerase; Bio-Rad), 4.5 µL UltraPure H20 
(Invitrogen), 1.15 µL of forward and reverse triplex primers designed to target loci 
MiSaTPW111 and MiSaTPW169 (GenBank Accession number EF590093 and 
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EF590110, respectively), and 0.7 µL of forward and reverse triplex primers targeting 
locus MiSaTPW112 (GenBank Accession number EF590094). The forward primer of 
each set had a fluorescent marker, allowing for microsatellite sizing of the amplified 
product. Cycling parameters were 94 °C for 1 min and 50 s, followed by 27 cycles of 
denaturation at 94 °C for 30 s, annealing for 30 s at 60 °C, extension at 72 °C for 60 s, 
and a final extension at 72 °C for 10 min. PCR fragments from each fish (2 µL) were 
sent to the University of Oklahoma Health Sciences Center Laboratory for Molecular 
Biology and Cytometry Research for sequencing of microsatellite fragments using a 96 
capillary 3730xl DNA Analyzer (ThermoFisher Scientific).  
Each fragment was visually inspected (appearing as a sharp colored peak on a 
standardized electropherogram graph) and the length (in base-pairs) was recorded based 
on a known DNA size standard using the Peak Scanner Software program (version 2.0, 
ThermoFisher Scientific). Both Florida largemouth bass and northern largemouth bass 
have known diagnostic fragment lengths (i.e., allele sizes) for each set of microsatellite 
markers used in the analysis and fish were genotyped based on the length of each 
fragment. If one peak appeared for a particular marker, the fish was scored as 
homozygous for that locus. If two peaks occurred for a marker, then the fish was 
determined to be heterozygous for that locus and thus had some genetic material from 
both Florida largemouth bass and northern largemouth bass. Fish classified as pure 
Florida largemouth bass (hereafter FLMB) and northern largemouth bass were 
homozygous at all three loci, but the fragment base pair length at each locus was used to 
differentiate between the two genotypes.  If a fish was heterozygous at all three 
markers, then it was deemed an F1 hybrid. Any other combination of alleles signified 
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that the fish was a hybrid-cross bass (FX). Occasionally DNA from samples would not 
amplify correctly and thus could not be analyzed. By utilizing three distinct markers, a 
good indication of the genotype could be determined. 
Only lake samples that had more than 30 successfully amplified fish were used 
in further analyses (n=34) (Fig. 2). Three genotypes were calculated for each reservoir; 
FLMB, F1, and FX fish, plus the total sum of all fish containing one or more Florida 
alleles (TBFA). The percentage of FLMB, F1, and FX fish provided estimates of each 
genotype’s proportion in the population while Florida allele introgression (transfer of 
Florida alleles into the bass population) was indicated by percent TBFA. As 
proportions, the distributions of the response variables were positively skewed and thus 
square-root transformed for all analyses (McDonald 2009).  Several lakes had samples 
from multiple years since 2009. For lakes with two samples, paired t-tests (McDonald 
2009) were computed for FLMB, F1, FX, and TBFA, separately, and revealed no 
significant differences between years for FLMB (t4=0.98, p=0.38), F1 (t4=0.04, p=0.96), 
FX (t4=1.92, p=0.13), or TBFA (t4=0.98, p=0.38). For lakes with three samples, 
repeated measures ANOVAs (McDonald 2009) were conducted for FLMB, F1, FX, and 
TBFA, separately, and revealed no significant differences in genotype percentages 
between years for FLMB (F2,8=2.7, p=0.13),  F1 (F2,8=0.53, p=0.61), FX (F2,8=0.0032, 
p=0.95), and TBFA (F2,8=0.6, p=0.57). As there was no significant difference between 




Hypothetically, increased stocking effort should result in increased proportions 
of all genotypes with Florida alleles in the population. However, due to natural 
mortality and the role of lake characteristics on fish growth and survival, one might also 
expect that stocking effort may not be the sole variable responsible for the highest 
percentages of fish with Florida alleles. Unfortunately, for this study, there is no 
evaluation available detailing fishing mortality across the different lakes, and so I have 
made the assumption in my analyses that both natural and fishing mortality are similar 
across all lakes.  
 Stocking effort was first quantified using the currently employed ODWC tier 
system. Lakes in tier one had the highest stocking effort as they have been stocked most 
frequently and with the highest quantity of Florida largemouth bass (Fig. 3). Lakes in 
tiers two and three had lower stocking efforts respectively as the quantity and stocking 
frequency of Florida largemouth bass decreases with each tier. One-way ANOVAs were 
conducted separately for each genotype grouping (FLMB, F1, FX, and TBFA) to test 
the effect of tier on Florida allele frequency. Lake Eufaula had a relatively low TBFA 
percentage (29%) compared with the median (93%) of the other tier two lakes while 
falling substantially outside the interquartile range (16.6%) (Fig. 4). As a result, Lake 
Eufaula TBFA was not included in any further analyses. Secondly, since the ODWC 
stocking protocol changed in 2013, the number of Florida largemouth bass stocked and 
the stocking frequency were measured, allowing for stocking effort to be quantified 
before and after the tier system was implemented. Stocking variables were collected 
using the 2009-2016 ODWC stocking record. The total number of Florida largemouth 
11 
bass stocked was summed for each reservoir since 2009 while stocking frequency was 
simply the number of stocking events since 2009. 
 
Lake Characteristics 
 The most obvious environmental parameter of interest is water temperature, as 
temperature will be important in fish growth rates and survival in general (e.g., northern 
largemouth bass are more cold-tolerant than Florida largemouth bass) (Cichra et al. 
1980, Guest 1985, Fields et al 1987, Beitinger et al. 2000). I used multiple indicators of 
the thermal regime that Oklahoma largemouth bass may experience. First, since ODWC 
uses the HDD index to delineate the boundary below which Florida largemouth bass are 
stocked, and because HDD does vary within the stocked region from 2700 to 3400, I 
explored for any relationship to stocking success within this narrow range of the HDD 
index as a proxy for general lake thermal characteristics similar to Gilliland (1992) to 
see whether warmer lakes had higher success in Florida largemouth bass stocking. HDD 
was calculated using the Oklahoma Mesonet network of environmental monitoring 
stations (McPherson et al. 2007). This network is comprised of 121 stations that 
measure air temperature every five minutes at a height of 10 m. A 20-year average of 
HDD was calculated from 1997-2016 for each station (Fig. 5). The Haversine formula 
(Robusto 1957) was used to calculate the distance between each reservoir and each 
station and thus find the closest station to each reservoir, thereby assigning an HDD 
value to each reservoir. The farthest distance between a station and reservoir was 22.5 
km. 
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 Secondly, studies have demonstrated that water temperature and stratification 
can vary based on lake morphology (Fee et al. 1996, Brönmark & Hansson 2005). Other 
potentially important lake characteristics that can affect largemouth bass stocking 
success include reservoir age, which can affect lake productivity (Kulzer et al. 1987, 
Gilliland & Whitaker 1989, Forshage & Fries 1995, Brönmark & Hansson 2005, Myers 
& Allen 2005) and lake morphology, which can dramatically affect the amount of 
suitable largemouth bass habitat (Myers & Allen 2005).  As such I collected physical 
information from each lake using Lakes of Oklahoma (3
rd
 Edition) (Oklahoma Water 
Resources Board and Oklahoma Department of Wildlife Conservation, 2015). Surface 
area (m
2
) was measured at conservation pool elevation and reservoir age was calculated 
in the year 2017. Mean depth (m) was calculated by dividing the surface area by 
maximum depth of the reservoir. The Shoreline Development Index (SDI) was 
calculated as the ratio of the shoreline length divided by the circumference of a circle of 
area equal to the reservoir surface area with a value of one indicating that the reservoir 
was a perfect circle in shape.  
 
Models  
The potential roles of the five lake and environmental parameters and the two 
stocking parameters in affecting the presence of Florida alleles in reservoirs were 
explored using regularized linear regression models.  Each genotype grouping (FLMB, 
F1, FX, and TBFA) was a separate response variable resulting in the creation of four 
different models.  
13 
Regularized linear regression models were constructed to determine which 
stocking and lake characteristics explain the highest frequencies of Florida alleles. 
When a dataset contains a small ratio between the number of observations and predictor 
variables, ordinary least-squares modeling methods tend to give poor predictions and 
results in overfitting. Regularized linear regression modeling is an extension of the 
ordinary least-squares method where, in addition to minimizing the sum of the squares 
of the differences between predicted and actual values of the response variables, a 
penalty is imposed based on the size of the estimated coefficients in the model, thus 
shrinking the coefficients toward zero. By shrinking the estimated coefficients, 
regularization modeling reduces the variance in the model by introducing a small 
amount of bias, commonly referred to as the bias-variance trade-off (Zou & Hastie 
2005). In addition, variable selection occurs in regularized modeling which allowed me 
to determine which variables had no effect on the genotype grouping used as the 
response variable. Regularized linear regression was selected due to: 1) the high ratio of 
predictors compared to the sample size of lakes (n=34) that had more than 30 
successfully amplified fish and measured stocking and lake variables selected for 
analysis (Fig. 2); 2) potential collinearity between variables; and 3) the large degree of 
variance in the data (Zou & Hastie 2005) (Fig. 4). 
 
Trophy Bass 
A list of the top 20 largest trophy largemouth bass caught in Oklahoma is listed 
on the ODWC website (Oklahoma Department of Wildlife (2017)). The list consists of 
the angler’s name, weight of the fish, date caught, location caught, and the genetic strain 
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(if genotype was known) allowing for identification of trophy bass lakes that produce 
the largest fish in Oklahoma (Table 3). Of the 20 largest trophy largemouth bass caught 
in Oklahoma, 14 came from lakes that are currently being stocked with Florida 
largemouth bass. Six came from tier-one lakes (Arbuckle: two, Broken Bow: two, 
Sardis: one, Murray: one), six came from tier-two lakes (Cedar: two, Mountain: four), 
and two came from tier-three lakes (Fuqua: one, Longmire: one). Using the 34 lakes 
with greater than 30 fish successfully amplified, lakes were divided into two categories: 
trophy (Arbuckle, Broken Bow, Sardis, Murray, Cedar, Mountain) or non-trophy. Due 
to unequal sample sizes and unequal variances, a Welch’s t-test was calculated for each 
genotype group (FLMB, F1, FX, and TBFA) to test if these trophy-fish producing lakes 
had higher frequencies of Florida alleles.  
 
Statistical Analyses 
All statistical analyses were carried out in R (version 3.3.1; R Core Team, 
2016). Variance inflation factors (VIF) were used to test for multicollinearity between 
predictor variables to remove potential effects of multicollinearity on parameter 
estimates (Zuur et al. 2010). Variables with a VIF value greater than 5 were discarded 
using the threshold recommended by Zuur et al. (2010). The final models therefore 
included a total of six variables as stocking frequency was removed (Table 2). While 
some of these variables still displayed some collinearity, VIF values were sufficiently 
low suggesting that multicollinearity was not likely a problem (Zuur et al. 2010) (Fig. 
6). The glmnet function in the glmnet package was used to fit an elastic net regularized 
linear regression model via penalized maximum likelihood (Friedman et al. 2010). 
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Optimal alpha values for each model were found using cv.glmnet for 10-fold cross 
validation based on mean square error criterion. Since these folds (equal sized 
subsamples of the variables) are randomly partitioned, cv.glmnet was rerun 50 times 
and error curves were averaged (as advised in the glmnet R documentation). 
Standardization of the predictor variables was done automatically by the glmnet 
function allowing for more accurate comparison between coefficients of the model. 
Models were cross validated and the best model was chosen with the minimum mean 
cross-validated error.  
 
Results 
 Ninety percent of fish sampled had at least one Florida allele indicating that 
Florida alleles are remaining in bass populations in Florida largemouth bass stocked 
lakes (Fig. 4). The effect of stocking effort on FX and TBFA was substantial, with little 
variation attributable to stocking effort in FLMB and F1. There were no significant 
differences in genotype frequencies between tiers for FLMB (F2, 32 = 0.0458, p = 0.9) or 
for F1 (F2, 32 = 1.68, p = 0.2). A one way ANOVA revealed significant differences 
between tiers for FX fish (F2, 32 = 14.9, p < 0.01) and significant differences were found 
between tier one and tier three (p < 0.01) and between tier two and tier three (p < 0.01) 
using a post-hoc Tukey test. No significant differences were found between tier one and 
two lakes (p = 0.9). Significant differences were found between tiers for TBFA (F2, 31 = 
4.57, p = 0.02) using a one way ANOVA. A post-hoc Tukey test revealed significant 
differences between tiers one and three (p=0.04), but not between tiers one and two 
(p=0.9) or between tiers two and three (p=0.07).  
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 Total number of Florida largemouth bass stocked since 2009 had a positive 
influence on all three genotypes, as well as TBFA, as indicated by the regularized 
regression analyses (Table 4).  Simpler and smaller lakes seem to have the highest 
success for Florida largemouth bass as surface area, mean depth, and shoreline 
development index all negatively influenced or had no effect on the four genotype 
groups. Reservoir age was included in the best model for both F1 and FX, but had 
differing effects as reservoir age was positive for F1 and negative for FX. The 
differences in the effect of reservoir age on F1 and FX was due to a negative 
relationship between FX and F1 frequency (Fig. 6). HDD was not included in any of the 
models for the four genotype groups.  
 There was little variation in Florida allele frequencies between trophy and non-
trophy lakes in all four genotype groups (Fig. 7). No significant differences were found 
between trophy and non-trophy lakes for any of the four genotype groups; FLMB (t32 = 
0.018, p = 0.86), F1 (t32 = 1.26, p = 0.22), FX (t32 = 0.80, p = 0.44), and TBFA (t31 = 
1.42, p = 0.17).   
 
Discussion 
The lack of a difference between tier stocking effects for the FLMB and F1 
genotype groups suggest that it may be too early to expect a tier effect for FLMB and 
F1 fish, but interestingly, that 90% of all fish analyzed had at least one Florida allele 
indicates that Florida alleles are remaining in bass populations (see below). Since 
Florida largemouth bass are being stocked at different frequencies and densities 
between tiers, it would be expected that FLMB percentage should display the largest 
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differences between tiers. Continued monitoring over time may be necessary to 
determine whether the current stocking regime will result ultimately in increased FLMB 
and F1 fish in stocked lakes. However, the significant differences between tiers one and 
three for FX and TBFA and between tiers two and three for FX suggest that Florida 
largemouth bass allele introgression is higher in lakes that are stocked more frequently 
and with increased numbers of Florida bass. However, the differences in the current 
stocking effort between tier one and tier two lakes does not appear to be making a 
significant difference in increased FLMB, F1, FX, or TBFA. 
The regularized linear regression indicated that increased stocking of Florida 
largemouth bass (i.e., propagule pressure) into reservoirs across Oklahoma led to higher 
percentages of FLMB, F1, FX, and TBFA fish, a result similar to a study done in Texas 
by Kulzer et al. (1987). While stocking Florida largemouth bass resulted in higher 
percentages of FLMB, F1, FX, and TBFA, newly stocked Florida bass may not be 
surviving to adulthood and reproducing. Since largemouth bass are cannibalistic and the 
high level of stocking effort could be increasing competition (Lewis et al. 1974, 
Cochran and Adelman 1982, Hickley et al. 1994), it is possible that newly stocked fish 
are being eaten by the existing population of largemouth bass (Boxrucker 1986, Garvey 
et al. 1998) as evidenced by a 27.5% loss of stocked fingerlings due to predation within 
12 hours of stocking in a Texas reservoir (Buckmeier et al. 2005). Cannibalistic feeding 
could result in sustained or increased numbers of the existing fish with Florida alleles as 
the increase in body weight could be aiding survival over winter (Phillip & Whitt 1991).  
Nearly every fish in this study (90%) had at least one Florida allele, similar to 
the findings of Horton and Gilliland (1993). This suggests that the stocking program, 
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irrespective of tier or previous stocking approach, has succeeded in establishing Florida 
alleles in most reservoir bass populations. Since the ODWC’s primary goal of stocking 
Florida largemouth bass is to produce trophy-sized bass, it is important to note that 
Myers and Allen (2005) found that trophy largemouth bass catch occurrence in Texas 
was significantly higher in lakes stocked with Florida largemouth bass compared with 
non-stocked reservoirs. However, they did not find a significant effect of Florida 
largemouth bass stocking frequency or density on trophy largemouth bass catch 
occurrence leading them to conclude that increased stocking leading to increased 
Florida allele introgression does not necessarily support a higher trophy bass potential 
in a reservoir. 
My study identified a positive influence of reservoir age and a negative 
influence of surface area (SA) and shoreline development index (SDI) on FLMB 
proportions in largemouth bass populations. SDI and reservoir age are associated with 
reservoir habitat and productivity as lakes with a higher SDI indicate a high ratio of 
inshore vs. offshore habitat (more littoral habitat) (McMahon et al. 1996) and newer 
reservoirs are generally advantageous for largemouth bass growth (Kimmel & Groeger 
1983, Myers & Allen 2005). Newer reservoirs and higher shoreline development index 
values should consequently provide increased largemouth bass growth potential. 
Therefore, the negative effect of SDI on FLMB was unexpected and indicates that the 
FLMB genotype succeeds in lakes and reservoirs with a lower SDI. Previous studies 
have found positive effects of larger values of SDI and younger-aged reservoirs on 
Florida largemouth bass proportions in lakes (Gilliland & Whitaker 1989, Forshage & 
Fries 1995, Hughes & Wood 1995, Crawford et al. 2002, Myers & Allen 2005, Allen et 
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al. 2009). However, Lamothe et al. (2016) found no relationship between physical lake 
characteristics and stocking success in Arkansas. Warden and Lorio (1975) tracked the 
movement of Florida largemouth bass in a lake in Mississippi to study habitat use and 
reported that Florida largemouth bass are very territorial during the breeding season and 
will move from the limnetic zone to the littoral zone during the morning and evening 
hours. Otherwise, Florida largemouth bass tend to remain in the limnetic zone during 
the non breeding season (Lewis and Flickinger 1967, Colle et al. 1989, Hanson et al. 
2007). The top four lakes in this study with the highest SDI values (greater than 10), as 
well as the largest surface areas, were Skiatook, Broken Bow, Texoma, and Eufaula 
with zero Florida largemouth bass found in the latter three reservoirs. Since Broken 
Bow is a tier one reservoir and Texoma and Eufaula are both tier two, there is strong 
reason to believe that Florida largemouth bass are currently in these lakes and were 
likely not sampled. Mean depth was not found to have an effect on any of the four 
genotype groupings.  Previous studies have also found that mean depth does not have an 
effect on Florida largemouth bass and F1 fish in Oklahoma (Gilliland & Whitaker 
1989), Arkansas (Lamothe et al. 2016) or on trophy bass in Texas (Myers & Allen 
2005). Since mean depth is measured at the conservation pool elevation, it would not 
accurately reflect the changing water levels both within and between years. As water 
levels change, there will be increases and decreases in the area of littoral habitat 
available. Since bass use littoral habitat for breeding and to feed (Warden and Lorio 
1975), water level fluctuation might therefore be a better indicator of aquatic conditions 
and thus a better predictor of Florida largemouth bass allele frequency (Gilliland & 
Whitaker 1989).   
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While there is support in the literature that latitude (Forshage & Fries 1995) and 
HDD (Gilliland & Whitaker 1989) increases introgression of Florida largemouth bass, 
there is also evidence that these are poor predictors of Florida largemouth bass stocking 
success (Myers & Allen 2005, Lomothe et al. 2016). While HDD was used by Gilliland 
(1992) as a proxy for winter severity and temperature, this measure of air temperature 
may not be a strong indicator for water temperature. As northern largemouth bass have 
a higher cold water tolerance than Florida largemouth bass (Cichra et al. 1980, Guest 
1985, Fields et al. 1987, Beitinger et al. 2000), growth of northern largemouth bass was 
greater than Florida largemouth bass in Illinois (Phillip & Whitt 1991), and warmer 
water temperatures caused Florida largemouth bass to start spawning earlier than 
northern largemouth bass (Isley et al. 1987), water temperature may be a more precise 
predictor than HDD in determining the success of Florida largemouth bass and Florida 
alleles in lakes.  
 
Impact of Florida largemouth bass Introduction 
 While largemouth bass have been stocked across the country in the hopes of 
increasing trophy bass size and number, there are potential impacts on the ecosystem 
that must be considered when stocking Florida largemouth bass or even northern 
largemouth bass into a new environment. Like many other piscivores, largemouth bass 
are gape-limited and select prey based on prey body depth more than taxonomy 
(Hambright 1991). Therefore, as can be expected when introducing large piscivores into 
a new system, largemouth bass can decimate populations of small fishes, frogs, and 
salamanders to the point of extinction (Miller & Pister 1971, Minckley 1973, U.S. Fish 
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and Wildlife Service 1985, U.S. Fish and Wildlife Service 1994). Largemouth bass have 
been documented to reduce native prey species abundances and diversity in Pacific 
Northwest rivers (Hughes & Herlihy 2012) and in Adirondack lakes in New York 
(Findlay et al. 2000).  Hayes and Jennings (1986) attributed the decline of native frogs 
and tiger salamanders in California to the introduction of bass. Rosen et al. (1994) 
reported a similar effect of introduced bass on Chiricahua leopard frogs (Rana 
chiricahuensis) in Arizona. Due to its trophic plasticity and negative effect on native 
fish fry and other aquatic and semi-aquatic species, some places, such as the Canadian 
Province of New Brunswick, have labeled the largemouth bass as an invasive species 
(Maezona & Miyashita 2003, Roots 2006, Almeida et al. 2012).  
While reasoning for stocking Florida largemouth bass has included the findings 
of Kleinsasser et al. (1990) that F1 bass achieve greater weights and lengths than 
northern largemouth bass, other researchers have reported conflicting results regarding 
F1 hybrid vigor. Goldberg et al. (2005) reported a 14 % reduction in fitness and 
increased infectious disease susceptibility and mortality of F1 bass compared to Florida 
largemouth bass and northern largemouth bass. In Illinois, Phillip et al. (2002) also 
found evidence of outbreeding depression with a 50% reduction in reproductive success 
of hybrid crosses compared to Florida bass and northern largemouth bass populations. 
All three of these studies were conducted in ponds and therefore more research 
regarding the likelihood of outbreeding depression in reservoirs is needed. However, the 
risks of outbreeding depression (including increased disease susceptibility) could harm 
the entirety of the bass population as well as other fish species within the lake. It is 
therefore recommended that community and ecosystem-wide impacts of largemouth 
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bass be considered before future stockings occur, especially in lakes with no prior 
largemouth bass presence.  
 
Recommendations for Future Work 
 In order to further evaluate the success of the ODWC Florida Bass Stocking 
Program, additional factors should be considered. One of the assumptions of this study 
is that fishing pressure is equal across all lakes. Since the stocking program 
encompasses such a wide variety of lakes that experience large differences in fisher 
visitation, fishing mortality due to fishing pressure is presumably not equal between 
lakes. Fishing tournaments are common on lakes Murray, Texoma, and Arbuckle which 
inevitably reduces the number of largemouth bass more than less visited lakes. 
However, the effect of fishing may not be large in terms of reducing largemouth bass 
populations in lakes due to the increased prevalence of catch and release fishing (Jeff 
Boxrucker, pers. communication, ODWC, retired). This hypothesis can be tested by 
assessing fishing pressure through creel surveys (Glass & Maughan 1984, Myers & 
Allen 2005, Bisping & Thompson 2017). In this way, fishing mortality can be 
accounted and evaluated in the model.  
As previously stated, the research of natural mortality of Florida largemouth 
bass, northern largemouth bass, and hybrid crosses has resulted in varying results and 
discussion regarding validity and application of results from artificial to natural settings 
due to differences between research ponds and reservoirs in water level and temperature 
fluctuations, stocking rates, and food availability (Zolczynski & Davies 1976, Isley et 
al. 1987, Maceina et al. 1988, Kleinsasser et al. 1990, Phillip & Whitt 1991, Maceina & 
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Murphy 1992, Horton & Gilliland 1993, Hughes & Wood 1995, Johnson & Fulton 
1999, Lamothe & Johnson 2013). In addition, there is some evidence for angling 
selection on northern largemouth bass (Kleinsasser et al. 1990, Garrett 2002). Because 
longevity is critical to trophy largemouth bass production (Crawford et al. 2002), 
angling vulnerability (fish susceptibility of being caught by attacking or avoiding lures) 
might have more of an effect than genetic differences (Garrett 2002), an issue that can 
be addressed through creel surveys.  
 The ODWC should also consider measuring population size of largemouth bass 
in stocked lakes. Tier one lakes are stocked annually with 100,000 fingerlings 
suggesting that there may be increasing densities and therefore an increase in the level 
of competition occurring between all largemouth bass. Even if large numbers of these 
fish are being removed by anglers annually, the remaining population could be 
competing for the same habitat and prey resources. Schindler et al. (1997) reported that 
largemouth bass populations display high levels of diet consistency even with high 
densities of largemouth bass. This suggests that bass tend to eat the same prey species 
regardless of the number of bass in the lake and thus an increased number of bass will 
have a proportional impact on the abundance of prey. By calculating population sizes of 
largemouth bass using methods such as catch per unit effort, proportional stock density, 
or Peterson mark-and-recapture estimates (Guy & Willis 1990, Schindler et al. 1997), it 
can be determined if there are increasing densities of largemouth bass in annually 
stocked Oklahoma lakes and if this density is overwhelming the prey populations.  
The use of three microsatellite markers allowed for improved accuracy of 
genotyping fish compared to the historical use of two diagnostic allozyme loci 
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(Gilliland & Whitaker 1989, Lamothe et al. 2016). However, using only three 
microsatellite markers might not provide an accurate representation of the genetic 
diversity of these different genotypic groups. Loci can become fixed with only a single 
allele present between subspecies. If a fixed locus is utilized to genotype between 
subspecies, all fish would appear homozygous for that allele resulting in an incorrect 
genotypic classification. This has been reported in bass populations as Lamothe et al. 
(2013) utilized seven diagnostic microsatellite markers but found that one locus was 
fixed between Florida largemouth bass and northern largemouth bass subspecies. While 
there is no evidence that any of the three loci used in this study had become fixed in any 
of the lake populations, an increase in loci number used for microsatellite analysis 
would decrease the chance of fish being incorrectly genotyped in future studies. In 
addition, since a fish that is homozygous at three loci could be quantified as FLMB but 
could be heterozygous at other loci that were not analyzed, increased usage of 
microsatellite markers would minimize the risk of incorrect genotypic classification.  
While I was able to determine the effect of the lake and stocking variables using 
regularized linear regression models, a drawback of using this approach is the inability 
to allow for significance testing of the lake and stocking variables. By introducing bias 
to reduce the variance, this bias is a significant part of the mean squared error. 
Therefore, since it is impossible to separate the bias from the variance, any significance 
testing of the variance or standard errors is not useful (Witten & Tibshirani 2009). As a 
result, the variables identified in this study should act as a guide for future management 
decisions with the caveat of the need for additional studies with an increased number of 
lakes. 
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While HDD was not useful in this study, additional research should explore if 
the 3400 HDD isocline is the best predictor for Florida largemouth bass success. A 
multi-year study observing the genotype percentages of FLMB, NLMB (fish classified 
as northern largemouth bass), F1, FX, and TBFA annually with the variables listed in 
this study and a set-up including Oklahoma lakes both above and below the 3400 HDD 
isocline with no previous stocking of Florida largemouth bass would allow for re-
evaluation of Gilliland’s (1991) conclusion that Florida largemouth bass survival is 
substantially higher in lakes below the 3400 HDD isocline.  
The ODWC Florida largemouth bass stocking program has resulted in increased 
Florida alleles throughout the stocked lakes. However, in order to identify the general 
success of the Florida largemouth bass stocking program, the ODWC should consider 
deeper analyses into the role of fish mortality, fishing pressure, habitat availability, and 
population size in order to optimize the stocking program and increase the rate of 
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Table 1. Lakes in tiers one, two, and three that are stocked with Florida 
largemouth bass by the Oklahoma Department of Wildlife Conservation (ODWC) 
Tier One Tier Two Tier Three 
Arbuckle Bixhoma Ardmore City 
Broken Bow Cedar Beggs 
McGee Creek Dripping Springs Carl Albert 
Murray Durant Carlton 
Sardis Elmer Thomas Church 
 Eufaula Clayton 
Holdenville City Clear Creek 
Lawtonka Comanche 
Mountain Coon Creek 
Nanih Waiya Crowder 
Okemah Fuqua 
Okmulgee Humphreys 
Ozzie Cobb Longmire 
Pine Creek Onapa 
Prague Purcell 
Raymond Gary Schooler 
Scott King* Skiatook 
Sooner Taft 
Sportsman Talawanda 













Table 2. Variables included in regularized linear regression analysis of 34 Florida 
Largemouth Bass Management Program lake bass populations sampled from 
2010-2016 
Lake and Environment Parameters 
SA – surface area of the reservoir (m
2
) 
MDepth – mean depth of the reservoir (m) 
SDI – Shoreline Development Index 
Age – reservoir age (yr) 
HDD – annual mean of heating degree days 
Stocking Parameters 


















Table 3. Top 20 largest trophy largemouth bass caught in Oklahoma, U.S.A. 
Modified from (Oklahoma Department of Wildlife, n.d.). Bold indicates fish 
caught in lakes currently stocked with Florida largemouth bass. 
Rank Weight (kg) Weight (g) Date Caught Location Genotype 
1 6.35 388.4 3/13/2013 Cedar F1 
2 6.35 348.7 3/23/2012 Cedar FLMB 
3 6.35 311.8 3/14/1999 Broken Bow FLMB 
4 6.35 283.5 3/25/1993 Mountain F1 
5 6.35 226.8 2/27/2008 Arbuckle Unknown 
6 6.35 5167.3 3/7/2009 Unknown Unknown 
7 6.35 56.7 3/5/2001 Broken Bow Unknown 
8 6.35 47.3 3/30/2008 Coal Co. Pond Unknown 
9 6.35 28.3 3/1/2001 Mountain Unknown 
10 6.35 28.3 2/28/2009 Pottawatomie Co. Pond Unknown 
11 6.35 0 6/23/1993 Comanche Co. Pond FLMB 
12 5.9 396.9 3/25/2001 McIntosh Co. Pond Unknown 
13 5.9 311.8 3/26/2008 Coal Co. Pond Unknown 
14 5.9 283.5 3/18/1995 Mountain F1 
15 5.9 226.8 3/22/1990 Fuqua F1 
16 5.9 226.8 10/4/1994 Sardis FLMB 
17 5.9 198.4 2/27/1997 Murray Unknown 
18 5.9 170.1 3/25/1995 Mountain Unknown 
19 5.9 113.4 3/14/2010 Longmire Unknown 





Table 4. Coefficients of best regularized linear regression for Florida largemouth 
bass (FLMB), first generation Florida-northern bass hybrids (F1), hybrid cross 
bass (FX), and total bass with at least one Florida allele (TBFA). Models were 
assessed through cross validation and the best models were those having the lowest 
mean squared error. … indicates that predictor was not included in the model. 
HDD - annual sum of heating degree days, TotalFLMB - cumulative total of 















 FLMB F1 FX TBFA 
(Intercept) 2.91 3.66 8.82 9.58 
Surface area -2.45x10
-9
 … … -1.41x10
-9
 







































































































































































































































































































































































































































Figure 3. Total number of Florida largemouth bass stocked (A) and mean number 
of stocking events (B) since 2009 for lakes in tiers one, two, and three of the 




































































































































































































































































































































































































































































































Figure 6. Correlation analysis of response variables (Florida largemouth bass 
(FLMB), first generation Florida-northern bass hybrids (F1), hybrid cross bass 
(FX), and total bass with at least one Florida allele (TBFA)) and predictor 
variables (surface area (SA), mean depth, Shoreline Development Index (SDI), 
reservoir age, heating degree days (HDD), total number of Florida largemouth 
bass stocked since 2009) used in the regularized linear regression model (n=34). 
Pearson’s Correlation Coefficients are displayed above the diagonal, histograms 
are displayed on the diagonal (FLMB, F1, FX, and TBFA have been square root 
transformed), and scatterplots with LOESS fits are displayed below the diagonal. 
HDD - annual mean of heating degree days, TotalFLMB - cumulative total of 





Figure 7. Genotype grouping percentages in trophy and non-trophy lakes in 
Oklahoma. NS- No significant difference 
NS 
NS 
NS 
NS 
